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The propartiea of atrongly—~deformed transuranic elements are atudled

on the basis of a supetfluid model of a nucloua, Inaignificant changes in 1}“15_
aon sohemes have basn made, by using experimental dnta and taking into
aosount the Influence of the superfluldity. Pairing energies have béon oalou—
l1atod, and the following values have been found for the interaoction conetants:

G, =o0.030h.,, G,=0.032hw,. The single — particle excitatlion apectra
of odd—-mass nuclel have boen cnloulated, the density of the oaleculated levala
ia approximataly two timea greater than that of Niloson acheme. The aingle-
partiole excltation in even—aven nuclel have been caloulated.lt haa besn obtained, that in

all the oaloulated apeatra of the aven-avan nualel, - Tha‘". Ua“. Pu”a, Pua"o.

Pu“-a. Puzu. Cmg“. Cf’“ the Jevela 1., lying below | MeV, are the lowest

ones. The oorrectiona have been caloulated, to /3 and /3.' -tranaltions whioh
are due to the suporfluidity of the ground and excited states, The results obtalned
are mutually- conslatent; for the aamé values of G there are obtained the correct
valuea of the pairing energies and levela of the even and odd nuolel, whoreasn In
ohanging G by ( 80 — 40 )R o sharp dincrepancy with experimental data |a cbserved,
Mathemntionl methoda developed by N.N. Bogolubov In oonstructing the theorlea

of the superfluldity and auperoanductlvIt)"lnl!owod to solve the problem of taking Into
vooount the ronidual nucleon fnteraotions leading to the pairing correlations In the .

model of independent particlea. On this basia a superfluid model of a nucleus was for-
mulated In”3/, '

The preaent paper ia devoted to a atudy of tho propertiea of the astrongly-deformed
transuranio slements using a asuperfluld model of a nucleua, As a self-conaistent fleld
we use the Nilason potential, whose energy levela are slightly corrected In ncoordance
with the experimental data. Under the assumption of the ndl'ahatlc approxlmation the

single-partiole levels of both odd and aven-even nuclel and the pairing encrgiss are

onloulated, The oorreationa to p - and ’r - tranaition probeabilities are made.

..........................................

The meaning of a superfluid model formulated in’? s as follows: basing upon a self- consistent
potential of the shell or unified models, the superfluld model takes into account the nucleon interaction
near the Ferm! energy surface under the following assumptions:

1) the residual interactions both between neutrons and between protons are described by the Ha-
miltonian

::: - a, g, — *at a. ‘
H g,{aca) 2 ag, a,, céaé, ta a

3 (1)

2) the caleulations are being made for each definite nucleus, neglecting a certain averaging asso-
clated with the conservation of the numbet of particles on the average. The nucleon states are characte- -

rized by a set of quantum numbers ( S &

}, which is determined by the shape of the self-consistent
field,

¢ = * 4 characterizes, e.q., the sign ot the projection of the anguiar momentum ot each nucleon
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along the nuclear symmetry axis, & (8} - the values of the energy levels in the self-consistent field. A ‘
certain simplification of the physical picture is that the interaction @) is assumed to be constant. .
The chemical potentlc;l - A is determined from the condition

+ (2)
" = 2, < Qg G0 ”
AL

where 1 is the number of particles, afld < .-+ >  designates tho a\;eraging over a certain
state. When the varigtional principle is applied the chemical potenticd plays the role of the Lagrange

. factor. Note that Hamiltonion ( 1 ) should be regarded asa pcu-t of a complete Hamiltonlan containing,
e.g., the collective interactions

To solve the problem we make use of the variational principle suggested by N.N. Bogolubov/ ¥,
Like in/4/ , for the ground state of the system consisting of even number of particles we obtain the follow-
ing equations

"2:"— ?_ﬁi (3)
G - Z.s. C-"‘"{E(‘)“a}"

A E (s) - ’,‘\_\

n% Zs‘-" {i—V_C‘-r{E(S)-‘A}"} (4)

todetermine ¢ and A . The ground state energy is found as
? E(.ﬁ - A - 2
€ =5 E){1- 4 .}—*C-
s ic‘*-f_‘r:-:(i)-i\} @ (5)
~ wheteas the wave function

L ﬂ-{usarvsa;a;_}{f{’ .
L} . . .

a,, ! =0
. . E()— A E(s) -
u;y = & 4 } , SIS N .
R Sl Ve {em-ap ) \7;. 1{1 ic.'-+{sm-7\}‘} ‘7
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The wave functions of the excited states are written as /5/

+

QJCS*n‘c’z)‘ n (Us + v o, O ) & s.e, s.a., &Uo i ¥ sy

A S,
s S

(s e TT (i s o 2 s 0 ) £ 77

3 -
505 ‘ °

The energy and the basic equations are obtained as follows

z—_ E(s)- A ]
54 -s‘_ = I E( >N E a— 3
Eus)= B+ Blaye (.5){1 .:*+{Ers1—7~}‘}'ac'+/9/

Ky 2
£ ah 5,
iy i
+i G(L'r‘t + ‘r‘b)l. .
2 | : E(s)~
C Z.{———“,:_?—_')': ; ""=2“-‘Z_.{ lr-——-———.k }
S35 V& {b(” _} S S, ct+ {E(9- 12}
) 5¢ 3 S 5,

For the odd shell, if the odd nucleon is in the Srstate, the energy of thé system and the equations for €
and A are found as follows '

) . - Efs)y— A _ et G
e £ I fl i B - & g

2 4 E(sy- A
2 7 e me 4+ Z _ L] /12/
G s c’--t-{Eu)—-)}" LD {i Vf—‘*{ﬁ'(ﬂ‘?}"} :

These equations describe both the ground, for the most part when E ()= E‘.- , and the excited states
of the system with an odd number of particles; the wave function of this system is put as

llu(s;)g T (u_,-ia);ajf a;_)a*:_‘,..fﬂ / 13/

S s;

Thus, to determine C and A both as ground and excited suﬁerﬂuld states, it is necessary
to solve the corresponding equation system. This‘crpproach is essentially different from that described
in 77/, 1% In case of a superfluld model, € and N are found by solving the comesponding equa-
tions, and the interaction constant & is determined from the experimentai values of the pairing energy
then 1’7/ the values of € are determined from the paiting enerqy, A being assumed
equal to the Fermi surface enetgy E,_. . The advantege of the approach based on the superfluid model
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of a nucleus in comparison with that tn’ 7/ consists, first, in the possibility of determining C and A

for the excited states, of taking into account the changesof € and 2 in changing the deiomaﬁon

of a rucleus and the like, what cannot be made in the case’ V. -Second, calculating the change A Inthe
transition from a nucleus to a nucleus, and from a ground state to an excited one, we, thereby, take into
account the change in the properties of a nucleus as a many-body system. Third, our calculations are more
{nambiquous and reliable since at disposal there is a single interaction constant G which
changes slowly and monotonously from a nucleus to a nucleus, while €. changes by jumps depending

on a concrete behaviour of the energy levels of the self-consistent field. -

. Tn a supetfluid model of a nuqleus arises a question about the orthogonality of the ground and
excited states. It Is easy to show that all the states of the odd shell are orthogonal, with respect to each
other the ground and excited states (8) with 5,4 3, of even shell are dlso orthogonal relative to
each other. However, the ground and excited states { 8') at are not orthogonal relative to each other,

viz., ) :
» q_’ . 1 L} u' ! t . " . ; N
( lf’ (s, %) T (3, .s..)): CHCARIT A CHEA u,‘u;‘)ﬂ(u;u‘ «yiyk 14),
| | s
where W v are referred to the excited state w (e, Sq) , wheteas
ul vy’ -to Y (s,, sa) . |

4

_ To evaluate the inaccuracy due to the conservation of the number of pmuclés on the average, we
_ calculate the root-mean-square fluctuation An of the number of particles = . For the ground state of

the even shell, we get

C!.

An ) —_ | :
( ) = Z_q‘l et {E(’)_?}L ! . (15)

For the case of the excited state f’ (3, 52) ,Inthesumtheterms with 5= s,
and S= s, must be absent, For the odd shell state Y(si) tnthe sun (15) the term with &% 5

must be absent.

.............................................................................................................

2. Pairing Enet and Single-Particle Levels of Odd Nuclei

It 1s well-known that the Nilsson potential /8/ fails to give either, a necessary sequence of the
enerqgy levels or correct values of the enerqy difference between the levels. This is connected, first, with
the shortcomings of the Nilsson scheme itself, for it does not take into account to-a sufficient extent
all the complicated nuclear phénomena ( showing, however,_the basic regularities ). -Secondlf, it is con~
nected with the necessity of considering the residual interactions leadirig to pairing ‘correlaticns. Muklngi
use of the experimental data”9:10/ on the single-partitle levels of the odd nuclei, we analyse behavicur
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of the levels in the Nilsson shcemes forZ» 82 and N > 126 with account of the influence of the super- 5
fiuldity of the ground and excited states. In/2/, according to the calculations on a superfluld model of a
nucleus the influence of the superfluidity was found on the behaviour of the signgle-particle levels of the
odd nuclei which reduces to . '
1) the superfluidity, as a rule, does not lead to a change in the ground state of a nucleus repre-
sented by. the Nilsson scheme;
2) with increasing the interaction constant G  the excitation energies decrease ;
3) hole and particle levels behave differently with {ncreasing C . However, the sequen:
ce of hole {particle} levels with respect to each other does not change.

By analysing of the experimental data on single-particle levels and equilibrium deformations and
taking into account the influence of the superfluldity we can draw a conclusion that it is necessary to
make some changes in the Nilsson's schemes presented ing, viz.,

1) in the scheme of levels for the ecdd —ZZ nuclel when X > 82, we decrease the level '
Hf, -[505] by 0.4 K wowhich appears in no ryj]eus,
2) In the scheme of the levels for the &on—N nuclei when N >126 , we make the following
changes: .
a) the level "A_"' [¢e¢] as that appearing in neither of the nuclei decreases by 0.25fj we what is
the same as the decrease of the subshell, i . o
* b) the sub-shell } Bp  increases by 0.02 wo , c) the level ‘/;4-]:531] decreases by 0.017 f.(5,
what is the same as the decrease of the subshell o 2.

Making use of the cotrected Nilsson schemes, we calculate the pairing energies to find G
both for proton interaction and neutron one. The numerical solutions of Eqs. { 3), (4), (12) are being

made by an electronic computer. Having calculated € (Z,N) by formulas ( 5), {11 ) we find the pairing
enerqies

‘F; (Z,N)= 2 E (Z, N-4) - E(Z,N-)~ E(Z v-2) (16)

for G = 0,016, 0020, 0024 K €5, . The results of the calculations are listed in Tables 1 and I
from which it is seen that the pairing energies depend upon G very strongly.

Comparing the calculated palting energles with the experimental data we obtain that for neutron
interaction G, = 0,020 A, (more exactly ( 3,018 ted. € Gy € 0,022Hhx)), and for the proton inter-
actien ( G, & 0,028 heo. ( more exactly 0,028% &, < G, < 0,024 e, ).

It {s seen from the comparison of the magnitudes of the interaction constants G
obtalned above with the magnitudes in the regton 150 { A < 190 that G decreases Insignifi-
cantly In passing from the rare-earth region to the transuranjic cne.

FGR OFF:CIAL USE Gin
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Let us calculate the' excitation spectrum of the odd nuclel by solving /12/ and finding the
differance In energies (11 ), for odd N- nuclei from N= 141 upto N=149 and forodd & nuclef
from 2=91 upto Z »95 for a number of deformations. In order to characterize the behaviour of the
basic magnitudes in Table II, , we qivé thevalues & , A ad An for the case Z= 93,

& = 0.26 for the ground and two excitation states { and for comparison for the ground state

2294 ). ‘It is seen from Table II, that C and A change strongly both in passing from an even

nucleus to an odd one, and in passing from the ground state to the excited one, In the odd Z nuclei
when G, 0.016 % co, , and In some cases when Q = 0,020 hea.  the palring comrelations

.are absent in the ground states, when &, = 0,0 t6#res | the superfluldity is observed tc disap-

pear in a numbet of excited states. In the odd— A nuclef, when G, =0.016 %o, the.superfluldity
is not obsetved to disappear, although € is very small for the ground states of some nuclel. It is seen
from Table III that the magnitude of the chemical potentiat A varles near the energy of the Fermi sur- -
face E' . whichfor #Z 93 iIs 5.628 fi e Note, that these changesof A ae weaker 1f
compared with the changes 72/ in the reglon 150 < R <190.-

The second assumption of a superfluid nuclear mode] on the conservation of the number of par-
ticles on the average may strongly restrict the accuracy of the calculations and , therefore, needs a nume-
tical estimation. We calculate the root-mean-square fluctuation A »w  of the number of particles and
compare {t  with the double number of levels over which the summation is being made, in our case with

- the number” 48, -According to the calculations of Awn , a part of which is given in Table III, we draw

a conclusion that the error due to the fluctuation of the number of particles is of the order of 5%. -

Comparing the cdlculated single-particle energy levels of odd nuclei with the experimental data,
we §jee, that the agreement is rather rough, the best agreement is obtained when Gp = 0.024 # co,

for the odd Z -nuclei and when G,=0. 020w, for the odd N nuclei. It is necessary to note that calcu- -

lated low-energy levels density is in good agreement with experimental data [lO]and approximately

two times.grecter than the density of levels of Nilsson scheme. In Table IV are listed,
for example lowet the energy levels for a number of nuclei. To obtain as a more detailed agreement of

the calculated levels with those measured experimentally it is necessaty to improve the scheme of the
self-consistent fleld levels. - .

Note, that the influence of the superfluidity on the spectra. of th‘e odd nucleli in the transuranic
region.{s somewhat weaker compared with the rare-earth region, although G decreases insingl-
ficantly. Moreover, for the same values of & the influence of the superfluidity on the odd Z
nuclel in the transuranic region is somewhat weakened in comparison with the region 150 & A < 190,
what s connected very likely, with the change in the density of the levels/10/,
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3 Excitation Spectra of Even - Even Nuclei

............................................................................................

~ Let us calculate the single-particle levels of the even-even nuclei energies by @ superfluid model
of a nucleus. To this end we solve Egs. (3), (4), and { 10) and calculate the energy of the ground
and excited states. Note, that the excited states of form (8) are double degenercrted in contrast to those
of (8'). The excitation spectrum calculated on the basis of a superfluid nucleqr model shows as minimum,
what values of the spins and parities of the lower excited states are the most  likely for an analysis of
the experimental data i.e., the calculated spectra of the  even-even nuclei give, at least, what the Nils-
son schemes do for an analysis of the odd nuclei. '

The influence of the superfluidity on the excitation spectra of the even-even nuclei is rather st}ong.
At the same time, If in the case of the odd nuclei the single-particle levels condense near the ground

state with increasing G , then in the even-even nuclei the single-particle levels move aside from the
ground state with in,c':eusing ¢, ie. thegopis becoming larger. The change in the behaviour of

1 8
the levels for U with increasing G is demonstrated in Table VI,

In order to obtain an idea about a behaviour of the basic magnitudes in Tables V and VI, we
give the valuesof € , '} ,and An  for Pw **3 ) oth for the proton interaction and for the
neutton one. We denote by N, the number of the Fermi surface level, the next level is denoted by
Mg+ £ etc, The calculations show that C  decreases strongly in passing from the ground to the
lowest exclted states, vanishing {n.some cases even if G, = 0.022%i e, and Gp=0.024Pco,
The disappearance of the superfluldity in the exclted states with the lowest energies leads to a decrease
of the gap in comparison with 2.f¢* + { E.-2 }" The values of the chemical potential A vary

about E:-" . the deviations of - A from & g e large compcu-er:l with those in the odd nuclel
and amount to 0.5 MeV,

Let us calculate the root-mean-square fluctugtion &~  of the number of pmucles.'Then,‘compar-
ing It with the number 48 ( i.e. - with the double number of levels ) we obtain that Anf4g  isof
otder of 5%. 'Thus, the changeof € and A in passing from the ground to the excited states both

In the even and in the odd nuclei cons!derably exceeds the errors due to the conservation of the number of
particles on the average.

.As has been shorn above, the excited states of form ( 8 ) are not crthogonal both in respect to
each other-and {n respect to the ground state { we denote it by la) ). Let us evaluate the magnitude
of the nonerthogonality, e.q., for P..: ”,for the proton interactions when QP' 0.024 hhew, we get
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; Ne N, | Mg =4, m~4dD>= 004
<n;"; np“"°>= ol 15 J < F F' F + F

‘ - go?

7 = 067
. M.+ 4 o> = o,40 <h f.f"lgt{ m "F> (]
<V\Ff1, F l 4 i F ' ‘ F!

' d
and for neutron interactions when Gy = 0022 hw. we fin

o far_~4 A4 D= 0,004 .
<np"‘ﬂﬂﬂ’-‘|0>= o ? ; 4";.-:"5" e T { 1)
<ﬂr_ "IF|O>= 0,44 H <na*“f"Ff‘qMF'£]"‘p"‘->=0‘08 .

4
o, 22.
<"F“'il"r*q°>=oa3‘ ] &wngtdnert| M, e > =T e
1t is seen from here that the admixture of the excited states of form (8") in the :;ouzl cil "
: fform (8) can bec e
is great. Therefore, the difference of the energles betwezn the st:tg;o o o e wites o+
ith respect to the grouna state.
{th a greater accuracy than their energy w &
wf rm ?rgt y s calculated with a considerably less accuracy. Let us ::ﬂcul’a;e E:i energiez of 3 ‘nur:
e r an  when
f the excited states ux.sq for the deformation &= 0.24, Pu 4., and o
’ Tables VII, VIII, IX. Among the lower levels there are states whic
S = 0.26 and list them in Tables VII, VIL, u’-" e e
allow to treat the states with energies 1.15 MeV and 1.62 MeV as sing .
given values for the energies of the levels make it possible to cnalyse the experiment a.

The most Interesting resuit of the calculations is that in all the spectra of the even-even nuclei
which we have calculated the lowest level is (L ) , since the level L1 =0 with a 'neqativefp::n:fe- .
is demonstrated as ( I = b ). This is so because of an accidental combination o :e l J
vels in the Nilsson scheme. It follows from our caleulations that the single—puzr‘t{;cle le;:‘lls 1-, zlzénq ow
1 MeV must be observed in the nuclet of Th232, U234, Pu233, Pu240, Pu , Pus4d, Cm<3%
C§248, It is likely that analogous calculations may confirm the appearance of the levels 1- in other trans-
uranic elements, particularly, in lighter isotopes Th . Indeed, let us consider the Nilsson scheme for
thé odd nuclel. We see that beginning with N=130, t)_te following sequence of the levels is obsetved
1/2-, 1/2¢ , 3/2-, /2% , 5/2-, 3/2+ etcie. the levels standing beside each other have opposite pari:
ties and | '_0.., - LY. [= 1 or 0. what is very favourable for the appearance of the levels 1l-.
A similar picture is observed in the scheme of the levels of odd 2 nuclei.

Thus, the above-mentioned cclculations point out that the lower levels with I = 1 and the neqo-
tive parity displaying in a number of transuranic elements may be single- particle, but not the collective
levels. w ‘

ERD nzorpera qvomm e
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Let us calculate the comections to the [5 and 4 transition probabilitlgs. These cotrec-
tions are due to the superfluidity of the ground and excited states. Being aware of C ad D

it is easy to get the wave functions of the ground and excited states (6), (8). g8y, (13). Itis
not difficult to show that the corrections to the probabilities are indicated as factors less than unity.

Let us calculate the comections to the probabilities of [3 -decay, for the * -decay:

of the odd  -nucleus, {f the neutron from the state 8, passes into the proton in the state 8,

{.e. /N-Zn‘,-o-{‘z:zn,/__,_‘/ N= 27;“,2:2'1,4-4/ ; we have
LI R ¢ LW D) 2y (20, 4) | 2
R:(uwuh'zn(u! Uy ,+.1f' v ).
& Y s s, (")(JR'O" Loy (hlml“’ 2
S AT o S R
g'v S,
The correction to the probabiiity of a P —decay of the odd—odd nucleus, i.e.
YN Bngely Z=2ng-1 [  —= [ N=2ny, Z=2m, /
4
is found as follows ,
} any . (81(2Ny +1)
2ny gny 2 (’Uﬂlu(")an"’“ Ay ) X
—— ] ] s + 3 I ]
Re - (U" v‘..' ) []51
Ing _ g)(dmg) ey (s)ing=t) (2
Mos"u, "+ v U Y a9
89S,
: an ain
where we substitute C and X belonging to the ground state of the even shell into.. u, , v,
but C and X belonging to the ground or excited states of the odd shell, if the odd particle is found
toin the state §, nto UM . Pt anen In Table X we give the calcu—

' 2
lated correction to the probabilities of a p —decay of u?d?  py237 amd Ne . It is seen

from the Table that the corrections can be very significent in the individual cases. The corrections

1o the electromagnetic transitions have a more complicated form, for the case of an odd—nucleus
we obtain

) () (s}

(8018 th), ) (5) (52
R, = (‘U. us. - U’.. v;?d) ﬂ (U," U,.'+'U; Vs )
b *

- (20)
5ot K.t

where T = | for electric and " = -l for magnetic transitions.
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in Table XI we give the correcticns to y —transitions. Note, that these corrections vary

in larcer intervals than the corrections toa P—decay.

Thus, our calculations show that in calculating the probabilities of (* and  §  transiti-
ons in strongly-deformed transuranic elements it is necessary to take into acount the superfluidity of the

ground cr_nd exclted states.

3. .Conclusion
The superfluld nuclear model is based on the shell and unified models and is their further develop-
ment. At' the first stage of the investigations performed on the basis of a superfluld nuclear model the
long-range residual interactions responsible for the main collective properties of a nucleus were not taken
into account.

It is worth noting that the results of the calculations by a superfluid nuclear model are inambiguo-
us for the given value of ( and the energy levels of the effective potential. In the light of this {n-
ambiguity a mutual consistency of the results obtained becomes of special interest, viz., for the same va-
lues of the interaction constants there are obtained reasonable values of the pairing energles
and the levels of the even and odd nuclei, whereas in changing G . e.q., by 30%—40% there is

a sharp discrepance with the experiment both in the behaviourof the levels and in pairing energies.
the levels and in pairing energies.

It should be noted that on the basis of a superfluid nuclear model it is posstble to carry out comp-
lex Investigations of the properties of the strongly-deformed nuclei. For this purpose the momients of
inertia of the ground and excited states should be calculated, as well as the probabilities of B od

4~ transitions, magnetic moments and the like. To obtain more detailed results it is necessary,
first of all, to obtain the energy levels of the self-consistent field more exact,.

In conclusicn the author expresses his deep gratitude to N.N, Bogolubov for the constant interest
to the investigation and fruitful discussions, to LN, Silin for making up the program and numerical calcy
lations, as well as to N.IPyatov V.I. Furman and Lu Yang for their assistance in the analysis of the
results, .
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Table 1

Neutron pairing energy (MeV)

N g Pairing energy
G =0.016%w, G=0.020hw, G=0.024kw,  exp. [11)
) data
150 0.26 0'43 0.96 1058 0-7-1.1
146 0.26 - 0,82 - 0.7-0.9
144 0.24 0.27 0.97 1.69 0.8-1.0
Table 11
;Proton pairing energy (MeV)
3 , ) Pairing eneTgy
. ' =0,020hw, G=0.024L. exp.
Z G = 0.016tw, G " oxpq )
96 0.24" 0,14 0.2 9'?/ } 0.81.1
/i
90 0,24 oSS b.$7 -
94 0.2& 0.30 0.96 .78 } X
. 0.8-1.
T 0,24 6,4S 82 130
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Tabdblelll
Cc N b s AT as a funoctions of G
( 8§ -0.26, B = 5.628hw. ).
—
o
=
==
o1
&2 Z =94 Z =93
~ G ground state
—
o3 ground state
e 5/24 [642] excited states
] particle level hole level
= Lo 5/2-[523) 1/2-[530]
i C \-E, an c A-E, an c A-E,  an c A-E, am
0.016 0.627 0.005 1.2 0 0.009 0 V] —~.038 0 0.020 0.004 1.0
0 -.005 © 0.030 -.054 1.0 0.041 0.003 1.4
0.069 0.001 1.7

0.020 0.052 0.005 1.6
0.024 0.085 0.006 2.0

0.043 -.021 1.1 0.062 ~.049 1.6
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Tabdlely

Energy of excited states of odd-A nuclei (MeV)

o~
odd-N-nuclei odd-Z nuoleus
N=143, & 0.24 N =147, G =0.020 ke Z=93, &=0.25
G=0.020%w. 3=0. 26 ' $=0.27 | G =0,024 heo,
ground state . 0 7/2- ] 5/2+ 0 5/2+ 0 5/2+
Particles 0.18 1/2+ 0.18 7/2+ 0.26 7/2+ 0.08 5/2=~
-levels .
0.34 5/2+ 0.25 9/2- 0.31 9/2- 0.74 3/2~
0.71 7/2+ 1.07 1l/2- 0.96 142~ 0.77 7/2+
hole 0.26 5/2+ 0.20 1/2+ 0.30 1/2+ 0.27 1/2-
levels .
0.5¢ 3/ 2+ 0.47 7/2- 0.56 7/2=- 0.51 3/ 2+
0.60 9/2= 0.88 5/2+ .99 5/2+ 0.78 3/2-
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Tadle Y P 239 -
Basic oharacteristios of the peutronm interactions i (LI ( $ = 0.26)

‘%' ground . - Exoited states of the form (87

J 403

p

91

AT 38N i

G state ( Mg, n,) (M=t Me=1) (np+t. mpsdd
-
g ,
& fee, c V€, an c A-E, an C . \-E an c _ A-E, an
o3 L -
%ﬁ 0.018 0.063 0.029 1.87 0.c28  ©0.079 1.07 0.042 0.081 1.44 _ 0.028 0,023 . .04
' 3 : 1.53
. .90 0.076 0.076, 1.93 0.039  -0.011
&G 0,022 0,108 0,030 2.42 0.07 0.070 1.3
F: o3 : ' Exoited states of the togn (8)
..- . 1 " - =
[; (Mg, e+ i) ( Meamg+2) (et me) 7 (Mpe1, Np2) »
. — n
b c )-E, an c A-E;, am c \-E, - an c \-E, . 4
-0.018 © 0.08¢ 0 0.0002 0.024 O 0,035 -0.080  1.26 0.035  -0.023 1.?4
0.022 © 0.051 0 0.051 0,005 1.0 0.067 0.073  1.73 0,069  =0.013 - 1.76
' !
L .
| I :
: 3 v i !
H L PRI ) }
i AN S T
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Basic characteristios of the proton interaoctions or pu‘“

Tabdls Y1-
as8 °

¢ § =0.26)

Bxoited states of the form ")

G Ground state
(e, ny) (=1, My =) (Mp+is n,+1)
ho, C -E an c A-E, am ¢ )-E, anm c A-E,  an
0,020 0,052 © 1.60 0.0004 0.09 1072 0,000 0.08 0.02 o -0.06 0
0.024 0.085 0.01 1.96 0,027 0,07 0.78 0.0%3 0.07 1.37 0.036 —0.05 - 1.06
< ' ' : :
- -
(o] . )
oy _Rxoited states of the form (8)
e G
& (ng , Mg+1) (M, ne+2) (me-t, M) { ne+ty mes2)
M , _ e : A
@ kw‘ c \-E an . ¢ A =E, an c A=E, an C x-E, an
~< 0.020 0 0.10 0 0.0002 0 1072 o - 009 "0 0.018  -0.06 0.67
0 0.08 0 0.01  -0.00 0.25 0.04 0,07 .11  0.049 -0.05  1.35

0.024
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Proton levels ’ Neutron levels
© , parity G=0.020bw, G=0.024&w, O, parity G =0.018tw.  G=0.022kw,
h 9, 2ey 3= 0.75 1.09 1-, Gﬁ',J/ /ﬁv}o 78 1.2
Yo Sy 24y 3 0.87 1.19 24, 3 4 ¥ 109 1.54
Y2 M2 ey 4e 0.98 1.23 O+ [aj 1.10 1.40
0+ : 1.07 1.29 2-, Ay L IADERT 1.57
o+ "1.15 1.37 1+, ?6+ / % @191, 1.65
'-/f, ; 1-y :- i.ié I.j; o+ erlJ @) 1.20 1,57
D Jor O 5 .19 . O+y “‘*‘3,1 ii(jﬂ 1.31 1.75
0+ 1.31 1.51 3oy & 4 lt 1.40 1.68
Yo Vo L=y 4= 1.37 1.69 C 1ey 2= APV 1i4s 1.80
v Yo ey 2- 1.38 1.59 1o, 4+ B %A 182 1.84
e 1.61 1.80 - 0=y ’;‘%J 9, @’—1 57 1,88
Vo 7o 1ey 2+ .64 1.91 1-, @]%ﬁ =’,/z_- 1.52 1.85
Yo Yy ey 2+ 1.7 1.94 o+ 1.74 1,96
Vo %y 'l=y 4= 1.94 2,12 0+ (63_] {3 iL.86 2,13
% ¥ 0 3- 1.97 2.15 ey 4= F Y 1a 2,18
ard
¢ AR \
9 Y 4 %-(%2) G- L
500 ‘*%-“”J Lo b 7
21 g 70 = 1 é:
73+£és/_j ) -
%3211 24~ 5 43
/z-!{:“o,] J '

e WL

w

Table Y11

284
Single=-partiole levels of ,,Uua in Mev Y =0,24)
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Tadvla

i1

238
Single-particle levels of Pu and
o4 .

144

o4

p 240
U 46 in MeV (

§ =0.26)

Neutron levels Pu<®

Proton levels

Neutron levels- Pnz“‘0

Q , parity G, 20,020 ko, £, parity G0, 024%w, Q, parity G,=0.020%w,
3my  4e 0.89 0, 5- 0.85 2+, 34 0.90
o+ 1.03 o+ 0.97 o+ 1.11
0+ 1. .
- 08 o+ 1.13 o+ 1.14
=J - ‘
> 1-, 6 1.18 2+, 3+ 1,39 1-y 6= 1.16
.é; 2+, 3+ 1.32 1-, 4= 1.44 3+, 44 1.20
= 2+, 3+ 1.40 1+, 6+ 1.51 4=y 5= 1.28
= 1-, 6- .
= 1~ 1.55 1+, 4+ 1.65, 3= 4 - 1.44
& O+, 5+ 1.56 2=, 3— 1.67 o~y T- 1.45
r:
[ 0y 7- 1.60 1-, 4- 1.70 1+, 6+ 1.44
1y 24+ 1.64 1-, 6~ 1.75 2~ 7- 1.51
o+ 1.73 14, 2+ 1.88 O+, 5+ 1.56
I+, 4+ 1.77 1+, 4+ 1.97 o+

1.62
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Table 11X 246
"Single-particle levels of “C‘m'” in Mev ( 8 =0,26)

Proton levels Neutron levels
—— |
€, parity ’ Gp=0.024hw, : Q, parity Gr0.022kw, _ _—T]
1+, 4+ - 1.00 . 1-, 6&- 0.90
1-, 6~ 1.10 ' 0+ 0.91
1-, 4- 1.30 , 0+ 0.93
1+, 6+ 1.40 2-, 17~ 1.25 ?
o+ 1.49 : 1+, 6+ 1.34
" 0+ 1.47 ' 4=y 5= 1.62
. 2+, 5- 1.57 34y 4 1,63
' 0-, 5- 1.62 44, 5+ 1.64
L 0+ ' 1.80 : 3+, 4+ 1.70
1+, 2+ 1.8) 0+ 1,76
1"’, 6+ X 1.93 2", 3" 1-80
o+ 2.0% O+y 7+ - 1.96
24 .
1':_‘,:]'
’
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Tabdble X

Corxrections RP to a p -decay of odd—-A nuclel for

G, =0.024 Ku, and G,=0.028how,
Parent nuclei Da_nghter nuclei
A . R,;
nucleus state auocleus state
3 232
= , pw 772 /2= [143] Ne {5/2 5/2+ [642] 0.106
3 ss 1a3 772 7722 [743] 93 14 572 52~ [523] 0.090
& ;
- 572 5/2+ [642] . 172 172+ (631 0.195
3 239
iﬁ 22 ss2 s/2+ [ea2] Pu 5¢/2 5/2+ [622] ---  0.120
< : . as
e 93 4% 152 572+ [642] oo MY L2 972 - fra3) 0,282
5/2 572+ [642) 5/2 S5/2+ $33] 0.326
43
243 {7/2 7/2+ [624] Amz {5/2 s/2+ lba2) - 0.238
) 148
os | ves l172 772+ [624] o5 %% a2 9724 633) 0.613
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i
e
Padle X1
The corroctions R‘ to the eleotromagnetio transitions )
for G,= 0.024Rkw. - and -'G70.020%w.
&
e
2 , , — "
S Nuoleus Initial state Final state Rnergy .(MeV) Mult. ¥
= R .
@ 5/2 5/2- 523 5/2 '8/2+ 642 0.06 Bl 0.464
S *> - 0.693
=2 - NP,“ 3/2 32— 521 . /2 S/2- 923 0,16 B2 . }
199 23 . .
= 372 3/2- %21 5/2 S5/2- 323 0.21 ¥l 0.934
as? i . ’ : )
- T 0.14 B ) 0.263
“P Uies /2 1/2+ 631 : 772 7/24 743 s
. ' o | "
as9 1/2 7/2~ 743 ‘ {z/’z 5/2+ 622 0.11 Bl - 0.58 10
“Pu,‘, 'L/z 5/2+ 622 0.207

/2 1/2+ 631 0.29

B 2
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FOR Origy,

The mathematical procedure developed by N.N. Bogolubov in constructing the theory of suporﬁul-
dity and superconductivity is very general. It allows to take Into account the residual nucleon interactions
" which lead to-the pairing comrelations in the shell and unified nuclear models as a many-body problem. |t
has been proved in « nmunber of investigations that the residual interactions between nucleens near the
Ferm! surface energy are attractive. Therefore, the ground state of any medium or heavy nucleus is the

superfluid nuclear state which is energetically more favourable as compared to the state with subsequent-
ly filled levels.

~

We shall call superfluid such a model which is based upon the shell and unified models and takes
into account the residual nucleon interactions near the Fermi surface energy of a nucleus under the follow-
.Inq assumptions:

1) the residual interactions between nucleons both in the neutron and the proton shells are des-
cribed by a Hamiltonian of the form

w H== {ew-Al2ca, - 6 T 4.4 ava,, (1)
s ©. 4 :

2) the calculations are being made for each definite nucleus neglecting a certain averaging due to
the conservation of the number of particles on the average. The nucleon state is described by a set of quan-
tum numbers (4 ¢) determined by the shape of a self-consistent fleld, ¢ = %| characterizes
e.q., the sign of the projection of the angular momentum of each nuclean along the nuclear symmetry axis.

A certain simpliification of the physical picture is that the {nteraction & s assumed to be constant.
The chemical potenttal A may be determined from the condition

n=§<a:ra4r> » _ (2)

where F7. is the number of nucléons. Hamiltonian ( 1 } should be regarded as a part of a complete Ha-
miltonfan contalning, eq., collective Interactions. Note, that the effects to which the residual interactions
(1) lead cannot be obtained by any modifications of a self-consistent field.

As a first stage in the investigation of a nuclear superfluid model let us consider here the strongly
deformed nuclei among the rare-earth elements on the basis of the Nilsson potential undet the assumption
of the adiabatic approximation.

By means of the Bogolubov variational prlnciple/ 1/ the energy of the ground state of the even shell
is obtained as follows

,_ _ Ew-A _c
&= E@{ Tormeor) 76 s (3

FOR OFFiCIAL USE GNLY
Declassified in Part - Sanitized Copy Approved for Release 2013/08/12 : CIA-RDP80T00246A067800320001-4



Declassmed in Part - Sanitized Copy Approved for Release 2013/08/12 : CIA-RDP80T00246A067800320001 -4
N ) FO? '._1_ Sr [_ L,m-
~ —_— \J:\.LY

— 4

nrovided C and A are determined from the Eqs./ 2,3/

o /

- =t
s "c-%.,.ig(g)-A} (4)-

o w4 S
‘n = - . 1 o R
Z‘{' T et fmw-Ap } ' 5)

In the case of the odd shell if the odd nucleon is in the state 8; 6; , the energy of the SYStEf!.l‘

£068) - A .
é(“-’u) f(ﬁq)+§‘£(6)i W} . ‘ -(6)

ol

whereas C and A may be found from the equations

2 _ S / ’ #_J , . : S
2 = — —, T
G‘ St 5, ﬁi*\is(‘)_{‘zl ]

. o - A : |
- (8)
b= Ez-'* { \/c + {E@)—A}‘ f

The equations for C and A excited states of the even'shell have a sim{ler form. Thus, to find C -
and A itis necessary to  solve the cemesponding equation system. pNote that the values of ¢ end
A change appreciably in the passage both from the even shell to the odd one and from the ground state’
to the exclted one. This may be illustrated in Table 1 for the case of a neutron shell with N =107,
N = 108, the deformation == 0.26, provided Ep =' 6,406 A5, ( A, = 41 A% MeV). Since the
1ntemct}on constant G is unknown, the calculations were made for five values of & over the 1 tange:
( 0.016 ~ 0.032 )ﬁd?’, (0.12 MeV — 0,24 MéV ) The behaviowr of ‘A characterizes the change in the
properties of the many-body system, and, as seen from Table 1, these changes should not be neglected. -

It is known that Nilsson scheme/ 4/ does not give an exact order and the differénce of -enermeg of
the excited states. This s likely to be connected with the shortcomings of the Nilsson scheme itself and
with the necessity of taking into account the residual interactions. The calculation of the single-particle
levels of the odd nuclef made on the basts of a superflutd model shows that 1} the obtained rér!ex'qy levels
describe the excitation spectra mote correctly if compared with the levels of the Nilsson scheme what fs
seen from Table II; 2) the behaviour of the levels is strongly dependent upon G, with mcreusinq G,
as {s seen from Table I, the excitation energy decreases 3) the residual interactions do not ledd, as a
rule, to the change in the ground state presented by Nilsson scheme, 4) hole and particle levels behave

“.m Urilsl es A
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diffe__rént'ly with magasinq G . However,the residudl interactions fall to lead to the change in the sequ-
ence of the hole (particle) levels with respect to each pt!mr.

The £pectrum of the excited states of the even-even nuclel calculated on the basts of a superflu-.
1d nuclear model shows, ot least, what values of spins and parities of the excited states are most pro-
bable. So, one can see from the calculated levels of the enerqy ‘ﬁg /69 siven In Table IV, that among
the lower levels there must be states O+ and that with increasing G the excitation energles grow.

Let us calculate the pairing energy by the formula:

Rz =282,/ 0-E@N-EE@N2) . @

The neutron pairing enerqgy Yg ” 1s found to be 0,39 4ey for G= 0,016 # 63.,' 1.38 MeV  for

G=0.020, and 3.38 MeV for G0.028. As for~ the proton poiting energy HfL 76 it tumed out to be

0.11 MeV for G=0.016; 0.26 MeV for G=0.020; 0.60 MeV for G=0.024; 1.32 MeV for G =0.028

and 2,07 MeV.for G = 0.032 %4 Note, that in calculating the pairing energy it Is necessary to take
_into atcount the energy due to the change in the deforination of nuclei.

The calculated values for the pairing energy and for the excitation spectra of a number of nuclef |

are most close to the experimental values at G = (0.018 — 0.024) A, = (0.13 —0.18 ) MeV for the

. neutron ( 93 < N< 115 )sheliondat "G = ( 0.022 -~ 0.028)*“3."( 0.15 — 0,20 ) MeV for the proten '
(63<2<76) shell.

The obtained values for G and A  moake it possible to calculate the corrections to the /8
and ) transition probabilities which are due to the superfluidity of the ground and the excited states,
The cotrections enter as factors less than unity. For instance, for a /9 -decay of the odd nuclei they
assume the form

l‘ 5(;3)—’/“' -
: _;_{,._'__ }'{j¢ £(4) = Ax } (10)

‘ [c;"‘“‘f' i[(ds)-;,?— ?q‘; + ‘35@‘5’-/‘:}"'

. 63 - °

The corrections to a /3 -decay & are equal to 0.45 for G = 0.020 #ﬁ’o) 0.14 for

G=0028; fora 3 decay 0.3 for Ge0.016 and 0.5 for G=0.024; fora A~ decay H167_
0.17 for G=0.,016 and 0.02 for G 0.024 %&, etc. The comections ‘e.g., for the El-transition with an
‘ energy 0.026 MeV in By’ ae equalto 0.36 for G= 0.020; 0.12 for G=0.024 and 0.04
- for G=0.028 5, etc. -

The given examples show that there is a real possibility of making the calculations of a number of
properties of the strongly-deformed nuclef associated with their intrinsic structure, With this aim it is

FOR €k Uas GokY,
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necessary tc improve the scheme of Nilsson levels so that the single-particle levels of the odd
nuclei calculated on the basis of superfluld model satisfy the experimental values. 'l‘his will enahle to
calculate the excitation spectrum of the even-even nuclei, the paiting enerqy, of the inertic moments
of the ground and excitation states, the corrections to the probabilities of ‘3 and ¥ -tromsi-
tions etc. ‘

" in conclusion the auther expresses his deep gratitude to N. N. Bogolubov for very interesting
discussions and to IN. Stlin for making up the program and performing numerical calculations.
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Table 1
Even shell O d d s h el N = 107
G_ N s {2 T P U CTUOOSTOII EPRUSI
ground Ground = ... E xclted .............. 8 tutes .........................................
(5.) state state , ’
et G Particle %-[510} hole 5/2= [s12]
LD § c Y c A ¢ ‘A
o.0l6  0.075 6.458  0.019 6430 0.055  6.406 0.063 6,458
0.020 0.137 6.446 0106 6423 0,115 6.405  0.118 6.444
0,024 0,204 6440 0175 6415 0180  6.403 0.181 6.431
0028 0.271 6.435 0242 6.409 0246  6.399 0.246 6.422
0,032 0.338 6.432 0311 6405 0313 6396  0.312 6.415
Table 11
Energles of excited states in MeV
Neutron shell Proton shel-l
N=101, 8= 0.26 N=105.dw 0,27 2Z=67,6m0.30 Z=69 4 =-'6"é'é""
G=0.020 48, G=0.016 43, G=0.024 %3, G=0.028 44,
Ground state 0% ~[521] 0% —[514] 07/2-[523] 04+ [411]
Particle 0.10 5/2 ~[512 0.329)2+ ezq 016G+ [T 0.55 7/2+ 1404
levels 0.42 7/2 -Eﬂ 0.46 % + {651 1.30 7/2+ 0.73 5/2+%402
0.67% + [651 L,18% - [510]  1.595/2+#§02]  1.00 9/2- [514} .
Holo 0.08 7/2+[633].  0.255/2 {512] . 0.45 3/2+ 411] 0.137/2-[523
levels 0.27 11/2 = s% 0.80% -I52 0.52 5/2+ 413}  0.80 3/2+ J4l1
0.845/2 —{523 ,0.937/2+[633]  1.225/2{532] 0.86 5/2+ [413]
Tahle mM
Energy (in MeV) of the excited states of odd nuclei (N= 107, §=0.23);
the ground state
Y%+ [624]
Level Characteristics G (38,) .
o 0.0/6 a.040 0.024 0,028 o, 03
% - _[[sm — particle 0.821 0.652 0.391 0.288 0.225 0.183
3/2 -I51 A 0.930 0.718 0,449 0.326 0.261 0.212
7/2 (S0 ol 0.964 0.791 0.507 0.377 0.297 241
7/2 =[514]- hole 0.547 0.484 0.178 0.080 0.043 0.024
5/2 -B1A- - 0.907 0.848 0.455 0.275 0.181 0.133
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Table IV

Proton shell Neutron shell
o [-J
£ parity Ge0.024; 0028 $a,; Q parity G= 0020, 0024 #aks
2= 5 0.95 1.35 1+; 4+ 062 (?) 1.04
l—: 6~ 1.03 1.43 O+ 0.97 1.28
o+ 1.30 1.55 -0+ 1.00 1.37
L1 24 1.33 1.67 0-: 5- 107 1.50
O+ ' 1.54 1.83 14— 1.45 1.77
1+; 4+ 1.62 1.50 2— 5 1.45 1.83
3 4- 1.65 1.86 34, 6+ 168 1.99
0+ 1.68 1.96 - 6 L7 2.02
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